The present study is concerned with the flow of blood in an artery with an overlapping mild stenosis. To account for the slip at stenotic wall, hematocrit, pulsatility of flow and inclination of the tube, blood has been represented by a fluid whose viscosity varies with radial coordinate and hematocrit. The expression for the flow characteristics, namely, the wall shear stress, the shear stress at the critical height of the stenosis, the pressure drop and the resistance to flow (impedance) have been derived and represented graphically with respect to different flow parameters. The resistance to flow increases with the hematocrit and critical height of the stenosis but decreases with slip at wall. With respect to any parameter, the shear stress at the critical height possesses the characteristics similar to that of the impedance.
Introduction
Circulatory disorders play a prominent role in almost seventy five percent of all deaths and arteriosclerosis (stenosis) is one of the frequently occurring cardiovascular diseases [1] . Stenosis, a medical term which means narrowing of any body passage, tube or orifice, is an abnormal and unnatural growth that develops at various locations of the cardiovascular system under diseased conditions and causes serious circulatory disorders [2] . The formation and subsequent growth of stenosis at one or more of the major blood vessels, carrying blood to the heart or brain etc., may result in various arterial diseases e.g., myocardial infarction, angina pectoris, cerebral accident, coronary thrombosis, strokes etc. which will ultimately lead to fatality [2, 3] .
In view of this many authors have proposed theoretical models [4] [5] [6] [7] and experimental work [8] for blood flow through stenosed arteries. Most the above-mentioned studies deal in axially symmetric or non-symmetric single stenosis. But in reality, the stenoses may develop in series (multiple stenoses) or may be of irregular shapes or overlapping [1] . Recently quite a good number of studies were performed to analyze the blood flow in arteries with an overlapping stenosis [1, 9, 10] .
Though at high shear rates blood exhibits Newtonian character in large arteries like aorta [11] , blood being a suspension of corpuscles, at low shear rates and during its flow through narrow vessels, behaves like a non-Newtonian fluid [12, 13] . It is also well established that the red blood cells being one of the major constituents of blood and being responsible for many of the blood properties and diseases, could play an important role for blood flowing through small vessels of diameter 2,400-8 μm [14] . Thus it seems to be necessary to consider the influence of hematocrit on blood flow modeling. Usha and Prema [15] have addressed a pulsatile flow of particle-fluid suspension model of blood under periodic body acceleration to account the effects of hematocrit on flow variables. Bali and Awasthi [16] have studied the flow of blood in a stenosed artery under the influence of an external magnetic field, in considering the viscosity of blood as a function of hematocrit and radial distance. Verma and Parihar [17] analysed the effects of hematocrit on blood flow in an artery with multiple mild stenosis. In their theoretical modeling, blood viscosity is assumed to behave as a linear function of hematocrit.
It is known that many ducts in physiological systems are not horizontal but have some inclination to the axis. Recently Marutiprasad and Radhakrishnamacharya [18] have considered the steady flow of blood in a tube having an inclination to the horizontal.
In most of the abovementioned studies, traditional noslip boundary condition has been employed. However, a number of studies of suspensions in general and blood flow in particular both theoretical [19] [20] [21] [22] [23] and experimental [24, 25] , have suggested the likely presence of slip (a velocity discontinuity) at the flow boundaries (or in their immediate neighbourhood). Recently, Ponalgusamy [26] , Biswas and Chakraborty [27] [28] [29] have developed mathematical models for blood flow through stenosed arterial segment, by taking a velocity slip condition at the constricted wall.
With the above motivations, an attempt has been made to study the effects of slip (at the stenotic wall), inclination of the tube and hematocrit on the flow variables for blood flow through an inclined vessel with an overlapping mild stenosis.
Mathematical Formulation
We consider a pulsatile, axially symmetric, laminar, and fully developed flow of the fluid (blood) whose viscosity varies along the radial direction [16] through an inclined artery (circular tube) of length L with an overlapping mild stenosis (constriction), as shown in Fig. 1 .
The constricted wall of this artery is assumed to be rigid. The artery length is assumed to be large enough as compared to its radius so that the entrance, exit and special wall effects can be neglected. The geometry of an arterial stenosis ( Fig. 1) is mathematically modeled as [1] ( ) ( 
where, u represents the axial velocity of the fluid along zdirection, p is the pressure,  is the density, t is the time,  is the angle of inclination of the artery to the horizontal, g is the acceleration due to gravity,
Reynolds number,
is the maximum velocity at the axis of the tube, 0 q is the negative of the pressure gradient in the normal artery and 0  is the viscosity of the Newtonian fluid.
The constitutive equation of the fluid is given by
where,  represents the shear stress and ( ) r  is the viscosity of blood represented as
where M is a parameter, depending upon the hematocrit value of the blood. The boundary conditions associated with the problem are
where, s u is the slip velocity at the stenotic wall [27] [28] [29] [30] . Since, the pressure gradient is a function of z and t , we take
where ( ) ( ) ( )
, A is the amplitude and  is the angular frequency of blood flow [3] . Let us introduce the following non-dimensional variables: 
, (2.9)
Using non-dimensional variables, equations (2.2) and (2.3) reduce to
With the help of equation (2.11), the equation (2.10) becomes
The boundary conditions (2.5) and (2.6), in the dimensionless form are
.
(2.14)
The non-dimensional volumetric flow rate is given by
is the volumetric flow rate.
Solution
The form of the solution obtained by using the perturbation method reflects the physical principle that inertial effects are not important for small values of the Womersley frequency parameter,  . It is expected that in small blood carrying vessels like arterioles, value of the Womersley parameter is very small ( 1  << ) and therefore, the flow can be considered as quasi-steady [3] . The velocity u is expressed in terms of α 2 in the following form ( )
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Substituting the expression of u from equation (3.1) in (2.12), we have
. To determine u 0 and u 1 , we integrate equations (3. , , u r z t as obtained from equations (3.1), (3.6) and (3.7), can be obtained as From equation (2.13), the expression for volumetric flow rate is given by
If steady flow is considered, then equation (3.9) reduces to The shear stress at the critical height of the stenosis can be obtained as (3.14)
The shear stresses at the two sides i.e. at the maximum heights of the stenosis are given by Where m  is the maximum height of the stenosis at the two sides of the stenosis.
The pressure drop in the artery is given by
The resistance to flow can be obtained from the formula ( )
In the absence of the hematocrit (i.e., 0 M = ) and inclination of the tube (i.e., 0  = ), the results obtained in equations (3.8), (3.9) and (3. 
, (3.20) which are in good agreement with the results obtained by Biswas and Chakraborty [27] without periodic body acceleration.
Results and Discussions
To analyze the quantitative effects of hematocrit M, the critical height attained by the overlapping stenosis δ, slip velocity at stenotic wall u s , the inclination of the tube β, the pulsatile Reynolds number α, the amplitude of blood flow A and time t, computer codes have been developed for numerical evaluations of the analytic results obtained for τ R , τ S , Δp and Λ in equations (28)- (31) 
Wall shear stress
Variation of the wall shear stress, R  in the stenotic region of the artery with axial distance z for different values of parameters , , s M u  is represented in Fig. 2 . It is reflected from the figure that R  rapidly increases from its approached value at 0 z = to its peak value in the upstream of the first stenosis throat at 1 z = , it then decreases steeply in the downstream of the first throat to its magnitude at the critical height of the stenosis at 3 z = . The flow characteristic, R  further increases steeply in the upstream of the second stenosis throat and attains its peak magnitude (same as at the first throat of the stenosis) at the second throat of the stenosis at 5 z = , it then decreases rapidly to the same magnitude as its approached value (at 0 z = ) at the end point of the constriction profile at 6 z = . It is also observed that at any axial distance, R  increases with hematocrit parameter M but decreases with slip velocity u s and angle of inclination of the tube β. Fig. 3 and 4 show the variations of shear stress at the critical height of the stenosis, τ S with time, t (in degree) and critical height of the stenosis, δ respectively for different Fig. 3 that τ s increases with t from its approached magnitude at t = 0 0 and reaches its maximum at t = 90 0 , wherefrom it starts decreasing and reaches its minimum at t = 270 0 , it then increases again to reach its approached magnitude at t = 360 0 . For any value of t, the shear stress τ S increases with M but decreases with the velocity slip at wall, u s . Fig. 4 shows that τ s increases with δ for both Newtonian (M = 0) and non-Newtonian nature of blood (M = 2, 4). However, employment of velocity slip at wall u s , decreases the magnitude of τ S .
Shear stress at the critical height of the stenosis
Variation of shear stress at the critical height, τ S with the angle of inclination of the tube, β for different values of α and u s is depicted in Fig. 5 . It shows that τ S gradually deceases with β for any given values of α and u s . Also, it is noteworthy that τ S decreases slightly with the increase of pulsatile Reynolds number, α and velocity slip, u s for all values of β.
Pressure drop
The variation of pressure drop Δp with hematocrit parameter M for different values of u s and β is presented in Fig. 6 . It is observed that for any given values of u s and β, the pressure drop increases with M. However, Δp decreases with increase in velocity slip, u s and inclination of the vessel, β. [31] . It is also reported that [32] blood flowing through tubes with diameter greater than 500 μm is considered as a Newtonian fluid where slip velocity is negligible. But in tubes with diameter 20 μm -500 μm, blood flow under high shear shows Fahraeus-Linqvist effect (i.e., apparent viscosity decreases as the tube radius decreases).
Resistance to flow
As slip gives rise to a decrease in the flow resistance, it may be worthwhile to consider slip in this regime of blood flow. Thus consideration of slip velocity at wall is meaningful in this work where the tube radius is considered as 80 μm. The model would have been more realistic if elasticity of the arterial wall was considered. Also the consideration of non-uniform artery could have brought the analysis nearer to actual situation. Those are the scopes for future course of study.
Conclusion
The present study analyzes the flow of blood inside an inclined artery with an overlapping mild stenosis. It has been observed that the wall shear stress at the stenotic region, the shear stress at the critical height of the stenosis, the pressure drop and the resistance to flow increase with the increase in critical height of the stenosis δ and hematocrit parameter M but decrease with the increase in velocity slip u s and inclination of the vessel β when other parameters are held constant. It is also found that shear stress at the critical height of the stenosis decreases when the pulsatile Reynolds number α increases. Since, the presence of velocity slip at the stenotic wall reduces the shear stress as well as the resistance to flow, it can be concluded that velocity slip may help in functioning of the diseased artery. 
